ABSTRACT Fluorescence lifetime (FLT) properties of organic molecules provide a new reporting strategy for molecular imaging in the near infrared (NIR) spectral region. Unfortunately, most of the NIR fluorescent dyes have short FLT typically clustered below 1.5 ns. In this study, we demonstrate that a new class of NIR fluorescent dyes, pyrrolopyrrole cyanine dyes, have exceptionally long FLTs ranging from 3 to 4 ns, both in vitro (dimethyl sulfoxide and albumin/water solutions) and in vivo (mice). These results provide a new window for imaging molecular processes, rejecting backscattered light and autofluorescence, and multiplexing imaging information with conventional NIR fluorescent dyes that absorb and emit light at similar wavelengths. A variety of near-infrared (NIR) fluorescent molecular probes have been developed for in vivo imaging applications, mostly driven by the deep penetration of NIR light in tissue (1,2). Since optical imaging is often based on fluorescence intensity, requirements for ideal NIR fluorescent dyes include high molar absorptivity, photostability, and fluorescence quantum yield to improve image quality. However, the dependence of fluorescence intensity on many intrinsic and extrinsic variables presents a serious challenge in data analysis from in vivo studies. To overcome these problems, advanced optical imaging systems and image reconstruction algorithms have been developed to provide quantitative fluorescence intensity maps of dye distribution in small animals (3,4). In contrast, the fluorescence lifetimes (FLT) of organic dyes are less dependent on dye concentration and can be sensitive to the dye's microenvironment. In addition, FLT is much less affected by concentration artifacts and photobleaching (5), light scattering (6,7), excitation intensity, or sample turbidity (8,9). These features have motivated the use of FLT as a complementary in vivo optical imaging method (10-13). In combination with intensity maps, changes in FLT can reliably report molecular events in a specific region of interest.
A variety of near-infrared (NIR) fluorescent molecular probes have been developed for in vivo imaging applications, mostly driven by the deep penetration of NIR light in tissue (1,2). Since optical imaging is often based on fluorescence intensity, requirements for ideal NIR fluorescent dyes include high molar absorptivity, photostability, and fluorescence quantum yield to improve image quality. However, the dependence of fluorescence intensity on many intrinsic and extrinsic variables presents a serious challenge in data analysis from in vivo studies. To overcome these problems, advanced optical imaging systems and image reconstruction algorithms have been developed to provide quantitative fluorescence intensity maps of dye distribution in small animals (3, 4) . In contrast, the fluorescence lifetimes (FLT) of organic dyes are less dependent on dye concentration and can be sensitive to the dye's microenvironment. In addition, FLT is much less affected by concentration artifacts and photobleaching (5), light scattering (6,7), excitation intensity, or sample turbidity (8, 9) . These features have motivated the use of FLT as a complementary in vivo optical imaging method (10) (11) (12) (13) . In combination with intensity maps, changes in FLT can reliably report molecular events in a specific region of interest.
Beyond improving the tissue penetration depth of light, imaging in the NIR region is particularly favorable for FLT measurements. In the visible wavelengths between 500 and 650 nm, autofluorescence FLTs ranges from 1-10 ns (14, 15) . Consequently, in vivo molecular imaging would require that the lifetime of exogenous probes must be significantly higher than that of autofluorescence (16, 17) . Since autofluorescence is negligible between 750 and 850 nm, molecular probes with diverse FLTs are suitable for NIR FLT imaging, depending on instrument capability and FLT resolution. While the NIR window facilitates the use of NIR fluorescent dyes with a wide FLT range, virtually all the NIR fluorescent organic dyes currently used for molecular imaging exhibit FLTs of <1.5 ns (18), with very few exceptions such as phthalocyanines (19) , thereby confining the range of imaging applications with these probes.
A major obstacle to developing NIR dyes with long FLTs has been attributed to the energy gap law (21, 22) , which states that radiationless transitions at longer wavelengths increase due to vibrational overlaps between the ground and excited states, thus causing a decrease in quantum yield and fluorescence lifetime (23) . Recently, the energy gap law was challenged by new generations of fluorescent dyes based on the pyrrolopyrrole cyanine (PPCy) skeleton (24, 25) . The new dyes exhibit high quantum yields (>0.50) in the NIR range, rendering them suitable for in vivo imaging. Herein, we report that these dyes have long FLTs, which expand the FLT window for imaging molecular processes.
We also demonstrate what to our knowledge are the first applications of these dyes for in vivo imaging.
PPCy compounds are interesting for in vivo use because similar diketopyrrolopyrroles are generally nontoxic by either the oral route (LD 50 > 5000 mg/kg) or by skin contact (LD 50 > 2000 mg/kg), are not irritating to either the skin or eyes, are not mutagenic (26) , and have been approved by the FDA for food contact. Particularly, the NIR PPCy dyes 4a and 4a 0 (Fig. 1 ) were selected for this study because we anticipated that they would have similar toxicity profiles as basic PPCy dyes and their compact structure produced promising steady-state optical properties such as high molar absorptivities, quantum yields and photostability (24, 25) . For comparative purpose, we used indocyanine green (ICG) dye as a reference dye for this study since it is widely used in molecular imaging and its steady state and lifetime properties in vitro and in vivo are well established (18) . Optical spectra of PPCy dyes and ICG in dimethyl sulfoxide (DMSO) are shown in Fig. 2 .
In accordance with our primary interest in identifying NIR dyes with long FLTs, we first evaluated the FLT properties of both PPCy dyes in solution. Fig. 3 shows representative fluorescence decays for 4a and ICG. The compounds exhibited unusually long FLTs that ranged from 3-4 ns in vitro and 2.5-3.8 ns in vivo for 4a and 4a
0 . These FLTs were 3-4 times longer than that of ICG (Table 1) in either DMSO or albumin/water solution. The FLTs of organic compounds in these media have been shown to simulate their values in tissues in vivo (18) . Although small organic NIR fluorescent molecules with such long FLTs have not been reported, this finding was hardly surprising. The extremely rigid structures of 4a and 4a 0 achieved by the difluoro-or diphenylboron ''clamp'' ensured high quantum yields and subsequently long fluorescence lifetimes for both compounds.
Encouraged by the long FLTs of the NIR PPCy dyes in vitro, we determined the FLT map of these molecular probes as well as that of ICG in mice (28), as shown in Fig. 4 . The fluorescent intensity maps (Fig. 4, top) showed that 4a 0 displayed high levels of fluorescence that remained stable for several hours post injection (not shown). Our in vivo imaging system used a fixed 780 nm excitation wavelength, which is suboptimal for dye 4a, resulting in the observed low fluorescence intensity map for this compound. Fluorescence lifetimes values determined from the lifetime imaging experiments (Fig. 4, bottom) were in accordance with our measurements in vitro and ranged from 3.05 to 3.8 ns for 4a and 2.50 to 2.88 ns for 4a 0 . These average FLT values are several times longer than that of ICG (Table 2 ). However, the FLT images were generally more uniform than their intensity counterparts because they are less dependent on the dye concentration. The fixed excitation and detection in vivo system was suboptimal for 4a, resulting in the pronounced edge-effect artifacts (blue edges) seen in Fig. 4 . Finally, we did not observe any adverse effects in mice several days post-injection of the dyes.
In summary, we demonstrated that NIR PPCy dyes exhibit remarkably long FLTs in vitro and in vivo. These findings will serve as the foundation for a number of studies capitalizing on FLT imaging. Specifically, we envisage utilizing the information to i), enhance contrast via elimination of the backscattered light, ii), perform functional time-gated imaging by designing the analogous environment-sensitive FLT probes, and iii), multiplex fluorescence imaging when two or more NIR fluorescent probes are used.
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